Expression of MDM2 protein appears to be increased in malignancy and correlated to prognosis of tumors, but its role in gastric cancer remains controversial. Our recent investigations indicated that JWA was a novel candidate biomarker for gastric cancer. To evaluate the impact of MDM2 protein expression alone, and in combination with JWA, on the prognostic and predictive of patients with resectable gastric cancer, expression of MDM2 and JWA were examined by immunohistochemistry in three large cohorts (total n = 1131) of patient with gastric cancer. We found that MDM2 protein levels were significantly upregulated in gastric cancer (70.4%, 57 of 81) compared with adjacent non-cancerous tissues. High tumoral MDM2 expression significantly correlated with clinicopathologic characteristics, as well as with shorter overall survival (OS; P < 0.001 for all cohorts) in patients without adjuvant treatment. The effect of adjuvant fluorouracil-leucovorin-oxaliplatin (FLO) in improving OS compared with surgery alone was evident only in the high MDM2 group (hazard ratio = 0.57; 95% confidence interval, 0.37-0.89; P = 0.013). Furthermore, knockdown of MDM2 and overexpression of JWA had a synergistic effect on suppression of gastric cancer cell proliferation and migration. Patients with low MDM2 and high JWA expression had a better outcome of survival compared with the other groups (P < 0.001 for all cohorts). For the first time, our data suggest that MDM2 is a potent prognostic and predictive factor for benefit from adjuvant fluorouracilleucovorin-oxaliplatin chemotherapy in resectable gastric cancer. The combination of MDM2 expression and JWA could serve as a more effective candidate prognostic biomarker for gastric cancer. (Cancer Sci 2013; 104: 590-598) G astric cancer is one of the most common malignancies and remains the second most frequent cause of cancerrelated death worldwide. Despite recent advances in surgical techniques and medical treatment, the 5-year survival rate for gastric cancer patients is <30%.
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(1) Investigation of biomarkers for screening at an early curative stage would have great clinical value. Moreover, a large percentage of cancer patients are treated unnecessarily. (2) Biomarkers may be especially useful in the group being more likely to benefit from chemotherapeutics.
The MDM2 protein is a negative regulator of the p53 tumor suppressor. The p53 protein functions as a tumor suppressor by inducing the expression of genes that inhibit cell growth and upregulate apoptosis, (3) and its deletion or loss of function is associated with a large fraction of human cancers. (4, 5) It has been shown that MDM2 can inhibit p53 bioactivity by blocking the transcriptional activity of p53 and promoting p53 protein degradation. (6) However, p53 can also regulate the synthesis of MDM2. (7) The imbalance of the functions of MDM2 and p53 has been related with several cancers. (8) Molecular epidemiological studies have shown the association between single nucleotide polymorphisms of MDM2 and the risk of various cancers, including gastric cancer. (9) (10) (11) (12) (13) Several studies have shown that MDM2 overexpression is associated with poor survival and is a useful predictive factor for poor prognosis in humans with hepatocellular carcinoma and breast carcinomas. (6, 14, 15) However, the predictive value of MDM2 for gastric cancer patients with adjuvant chemotherapy remains controversial.
The JWA gene, also known as ADP-ribosylation-like factor 6 interacting protein 5 (ARL6ip5), is a structurally novel microtubule-binding protein, which regulates cancer cell migration through MAPK cascades (16) and inhibits cell adhesion, invasion, and the metastasis of melanoma cells by suppressing integrin aVb3 signaling. (17) We also showed that polymorphisms in the JWA gene are associated with gastric cancer in a Chinese population. (18) Furthermore, our recent data have indicated that JWA protein expression in tumor is a novel candidate prognostic marker and predictive factor for benefit from adjuvant platinumbased chemotherapy in resectable gastric cancer. (19) Considering the versatile roles of MDM2 and JWA in oncopathology, we are interested in whether JWA would work as a cooperator with MDM2 to improve predictive potency in gastric cancer.
In the present study, to examine the possible prognostic and predictive value of MDM2 and JWA, we evaluated staining results in three large independent cohorts of gastric cancer biopsies using TMA technology.
Materials and Methods
Patients and specimens. Three independent retrospective patient cohorts were studied. (19) The training cohort included 103 patients who underwent radical gastrectomy at Nantong Cancer Hospital (Nantong, China) from May 1, 1990 to June 1, 1995. A TMA including the gastric cancer samples and matched non-cancerous gastric mucosa more than 5 cm from the tumoral margins was constructed. Two more independent tumor TMAs were constructed to validate training cohort data. The first, the testing cohort, consisted of all 640 surgical cases from the Nantong Cancer Hospital from December 1, 2000 to April 1, 2005 , and the second, the validation cohort, included all 1022 surgical cases in Yixing People's Hospital (Yixing, China) from January 1, 1999 to December 31, 2006 . These patients were treated only with radical gastrectomy or with postoperative adjuvant chemotherapy (for details, see Data S1 and Fig. S1 ). For the patients with resectable gastric cancer treated with chemotherapy in the validation cohort, the distributions of demographic characteristics and the selected clinicopathologic variables of patients between the FLO group and the FLP group were similar (all P > 0.05), except histological type (P < 0.001; Table S1 ). Written informed consent was obtained from each patient prior to tissue acquisition. Institutional approval was acquired from the Ethical Review Board of Nanjing Medical University (Nanjing, China) prior to this study.
Detailed clinicopathologic information was obtained. The histological types of gastric cancer were classified according to Lauren (20) and staged according to the TNM guidelines. (21) Only confirmed intestinal, diffuse, and mixed types were included.
Tissue microarray construction and immunohistochemistry. This procedure is described in detail in Data S1.
Evaluation of immunohistochemistry. By applying a semiquantitative IRS in the training cohort, staining of MDM2 and JWA in the tissue was scored independently by two pathologists blinded to the clinical data, as reported elsewhere. (22) Category A documented the intensity of immunostaining as 0-3 (0, negative; 1, weak; 2, moderate; 3, strong; Fig. S2 ). Category B documented the percentage of immunoreactive cells as one (0-25%), two (26-50%), three (51-75%), and four (76-100%). Multiplication of category A and B resulted in an IRS ranging from 0 to 12 for each tumor or non-tumor.
The optimum cut-off value of IRS was obtained by ROC analysis, the AUCs at different cut-off values of MDM2 IRS for 1, 3, and 5 years of OS time were calculated. The optimum value of cut-off points of the MDM2 IRS in the Nantong district cohort (combined training cohort and testing cohort) was 3, as the predictive value of this cut-off point for death was the best (Fig. S3 ). Under these conditions, samples with IRS 0-3 and IRS 4-12 were classified as low and high expression of MDM2 in tumors. The expression of MDM2 in the validation cohort was scored by the same pathologists with exactly the same procedure.
Cell culture. Details regarding the source of cells and culture conditions are presented in Data S1.
Short interfering RNA, plasmids, and cell growth assay. Control siRNA (Santa Cruz Biotechnology, Santa Cruz, CA, USA) or MDM2 siRNA (Santa Cruz Biotechnology) was transfected by Lipofectamine 2000 (Invitrogen, Life Technologies, Grand Island, NY, USA) according to the manufacturer's instructions. The FLAG-vector and FLAG-JWA plasmids were described previously. (23) For measurement of cell growth, a colorimetric water-soluble tetrazolium salt assay (Cell Counting Kit-8; Dojindo Laboratories, Kumamoto, Japan) was used to access the number of viable cells at various time points after transfection. The inhibition rate (I%) after treatment with oxaliplatin for 48 h was calculated using the background corrected absorbance by the following equation: I% = 100 9 (A untreated control well À A experimental well ) ⁄ A untreated control well .
Apoptosis assay. This procedure is described in Data S1.
Western blot analysis. This procedure is described in Data S1.
Transwell migration assay. This procedure is described in Data S1.
Scratch migration assay. This procedure is described in Data S1.
Statistical analysis. This procedure is described in detail in Data S1.
Results
Increased MDM2 expression in gastric cancer versus non-cancer tissues. To test MDM2 protein expression by Western blot, we selected seven pairs of human primary gastric cancer tissues and matched normal gastric mucosa. Elevated expression of MDM2 occurred in six of seven (85.7%) gastric cancer tissues compared with the paired normal mucosa (Fig. 1a) . Furthermore, immunohistochemical staining of gastric TMA was used to further confirm MDM2 expression in 81 gastric cancer patients of the training cohort. Staining of MDM2 was mainly localized in the nuclei (Fig. 1b) . Regarding the distribution of the differences of IRS, MDM2 expression was significantly increased in 57 of 81 (70.4%) of gastric cancer tissues compared with the matched normal tissues (P < 0.001, Wilcoxon test; Fig. 1c ). The abovementioned results show the MDM2 protein elevation in gastric cancer versus non-cancer tissues.
Association of MDM2 expression with clinicopathologic features in patients treated only with surgery. Immunohistochemical staining of MDM2 levels was analyzed to determine their (a) (b) (c) Fig. 3 . Kaplan-Meier curves depicting overall survival according to MDM2 expression patterns in gastric cancer patients in the validation cohort treated with or without fluorouracil-leucovorin-oxaliplatin (FLO). P-values were calculated using the log-rank test. Cum., cumulative; S, surgery alone.
relationship with clinicopathologic features of the three cohorts. As shown in Table 1 , the protein expression of MDM2 was significantly associated with clinicopathologic features, such as lymph node metastasis (N category), TNM stage, and tumor diameter in the cancerous tissues of the training and testing cohorts (P < 0.05). Moreover, the association in the validation cohort had the same tendency, although not statistically significant (Table 1) . Expression of MDM2 was positively correlated with distant metastasis (M category) in the training and validation cohorts (P < 0.05). In addition, more cases with depth of T3 ⁄ T4 invasion (T category) were seen in the group with high MDM2 expression in the testing and validation cohorts (P < 0.05). These observations suggest that elevated functional MDM2 expression is associated with clinical gastric cancer progression.
Expression of MDM2 an independent prognostic predictor for survival of gastric cancer patients treated only with surgery. Kaplan -Meier survival curves showed that MDM2 expression was significantly correlated with overall 5-year survival in patients treated only with surgery in the three independent cohorts (P < 0.001, Fig. 2) . Moreover, univariate analysis indicated that significant negative predictors for survival in the three independent cohorts were lymph node metastasis (P < 0.01 for all), TNM stage (P < 0.001 for all), and MDM2 expression (P < 0.01 for all; Table S2 ). The multivariate Cox regression analysis indicated that low MDM2 expression was an independent positive prognostic factor for gastric cancer (P < 0.001 for the two larger cohorts; Table 2 ), whereas non-tumoral MDM2 expression was not correlated with OS (Fig. S4) . Overall, MDM2 expression is an independent prognostic predictor for patient survival of gastric cancer.
Protein MDM2 is a potent prognostic and predictive factor for benefit from adjuvant FLO chemotherapy in resectable gastric cancer. To further determine the prognostic value of MDM2 in patients with adjuvant chemotherapy, in the validation cohort, we analyzed OS between the patients who received adjuvant chemotherapy versus those who did not. Significant difference was seen in OS between the surgery only group and the group receiving adjuvant FLO (n = 85, log-rank test, P = 0.033, Fig. 3a) . A statistically significant benefit for gastric cancer patients from FLO chemotherapy compared with surgery alone was only found in high MDM2 expression patients (HR = 0.57, 95% confidence interval, 0.37-0.89, Table S3 ; log -rank test, P = 0.013, Fig. 3b ). Patients with low MDM2 expression in tumors had no additional survival benefit from adjuvant FLO chemotherapy (Table S3 , Fig. 3c ).
Overall survival was also analyzed for patients treated with surgery alone and with FLP chemotherapy. The results did not present a significant survival difference (log-rank test, P = 0.076; Fig. S5A ). Regardless of high or low MDM2 expression, data showed no significant survival discrepancy between the FLP treatment and surgery alone (P = 0.462 for MDM2 high expression, P = 0.119 for MDM2 low expression; Fig. S5B,C) . Further multivariate analysis elucidated that patients receiving the FLP treatment had no significant benefit in OS compared with surgery alone (HR = 0.98, P = 0.901 for MDM2 high expression, HR = 0.92, P = 0.828 for MDM2 low expression; Table S4 ). Taken together, MDM2 is a potent prognostic and predictive factor for benefit from adjuvant FLO chemotherapy in resectable gastric cancer.
Effect of MDM2 knockdown on chemosensitivity to oxaliplatin and expression of p53 in SGC-7901 cells. These results showed that patients with high MDM2 expression received survival benefit from adjuvant FLO therapy. We then investigated the effect of MDM2 knockdown on chemosensitivity to oxaliplatin in SGC-7901 gastric cancer cells by cell growth assay and apoptosis assay. Cell growth assay showed that oxaliplatin increased the cytotoxicity of SGC-7901 cells in a dose-dependent pattern. Reduced inhibition rate and increased p53 expression were seen in MDM2 knockdown cells (Fig. 4a,b) . Furthermore, we found that the percentage of apoptotic cells produced by oxaliplatin was significantly decreased by the presence of siRNA-MDM2 treatment (Fig. 4c,d ).
Synergistic effect of MDM2 with JWA expression on suppression of gastric cancer cell proliferation and migration. Our previous report showed that JWA regulates cancer cell migration through MAPK cascades, (16) and JWA was a novel candidate biomarker for gastric cancer. (19) To study the potential synergistic role of MDM2 and JWA in gastric carcinogenesis, we first investigated the involvement of MDM2 and JWA in gastric cancer cell proliferation using siRNA-MDM2 and FLAG-JWA. In the SGC-7901 gastric cancer cell line, expression of the MDM2 protein was efficiently knocked down after the transient introduction of the MDM2-specific siRNA (siRNA-MDM2) than with the control siRNA (siRNA-control; Fig. 5a ). The JWA protein was efficiently overexpressed after the transfection of FLAG-JWA plasmid compared with the control plasmid (FLAG-vector; Fig. 5b ). We found that the ability of cell proliferation was drastically decreased after MDM2 knockdown and the transfection of FLAG-JWA further reduced the cell numbers in the SGC-7901 cell line (Fig. 5c) . The same effect was seen in the protein expression of proliferating cell nuclear antigen (Fig. 5d) . A Transwell migration assay revealed that the numbers of SGC-7901 cells that migrated through the membrane into the lower chamber were significantly lower in siRNA-MDM2 transfected cells than control; moreover, the FLAG-JWA transfection further reduced the cell numbers (Fig. 5e,f) . Similarly, MDM2 deficient and JWA overexpression cells showed a marked delay in wound closure by scratch migration assay (Fig. 5g,h ), indicating that MDM2 and JWA have a synergistic effect on suppression of gastric cancer cell proliferation and migration.
Synergistic effect of MDM2 with JWA expression on OS in patients treated only with surgery. In our recent study, statistically significant positive correlations between JWA and overall 5-year survival in the three independent cohorts have been elucidated. (19) Moreover, the expression of MDM2 was negatively correlated with JWA in the cancerous tissues of all three independent cohorts of patients treated only with surgery only (P < 0.001 for all; Table 1 , Fig. S6 ). Next, we stratified the patients into three distinct groups depending on staining for MDM2 and JWA: MDM2 low and JWA high; both low ⁄ high; MDM2 high and JWA low. It was shown that patients with MDM2 low and JWA high had significantly better OS than other groups (P < 0.001, log-rank test; Fig. 6) .
Furthermore, the multivariate and univariate Cox regression analysis indicated that low MDM2 combined with high JWA expression was an independent positive prognostic factor for gastric cancer in all three cohorts (Tables 2, S2) .
To further evaluate the prognostic value of MDM2 and JWA expression, a time-dependent ROC analysis was carried out, which indicated that the combination of the clinical risk score (TNM stage, histologic type, and tumor diameter) and MDM2 or MDM2 plus JWA contributed much more than either one alone in both the training and testing cohorts (Fig. 7) . However, this effect was not apparent in the validation cohort due to the relatively higher AUC of clinical predictors (Fig. S7) . These findings show us the synergistic effect of MDM2 with JWA expression on OS in patients treated only with surgery.
Discussion
Prognostic studies of tumor biomarkers are valuable as they assist in the improvement of diagnosis, treatment, and prevention of malignancies. (24) However, even more important are those biomarkers determining which patients can benefit from adjuvant therapy. (25) Adjuvant chemotherapy without radiation for gastric cancer has recently become the standard of care in some countries, (26) whereas unnecessary treatments are used in many cancer patients. Even among gastric cancers that share identical clinicopathological features, there are significant differences among individuals in terms of sensitivity to the same regimen.
(2) Thus, the discovery of potential biomarkers could play an important role in personalized cancer therapies. In this study, patients with high MDM2 expression in tumors had significant survival benefit from adjuvant FLO chemotherapy. Moreover, we showed the synergistic effect of MDM2 with JWA expression in predicting OS in gastric cancer patients.
An interesting question that attracted out attention is how could high expression of MDM2 play precisely opposite roles on prognostic and predictive effect? This phenomenon in cancer biology and treatment resistance has been documented: MDM2 plays an important role in the development, invasion, and metastasis of malignancies. (27, 28) This conclusion was confirmed and extended by our study, in which we found an association between high MDM2 expression with clinicopathological features and a negative prognosis in resectable gastric cancer patients. Conversely, the positive predictive effect of high MDM2 on survival in FLO treated patients was highly significant. This may point to a role of MDM2 in chemoresistance, probably related to oxaliplatin, and it was confirmed in this study. Dysregulation of several DNA repair mechanisms are important modulators of platinum effect. (29) Oxaliplatininduced DNA lesions, including interstrand DNA cross-links and DNA protein cross-links are likely to contribute to the drug's biological properties. (30) Thus, high MDM2 expression might play an important role in the susceptibility to DNAdamaging agents though the direct role of MDM2 in FLO chemotherapy treatment. This point needs to be studied further. It must be noted that the patients received more survival benefit from FLO than from FLP, which may be partially due to the fact that FLO reduces toxicity as compared with FLP, as explained previously. (19) Despite the large numbers of studies that attempt to identify molecular predictors of response and toxicity to treatment, none of the tests and molecular markers thus far have proven to be reliable in prospective clinical trials. (31) An important conclusion we would like to emphasize here is that, despite cohorts with different types of patients, from different hospitals in different districts and different time periods, MDM2 expression maintained its strong independent prognostic value. Moreover, the synergistic of MDM2 with JWA presented a more effective and convincing candidate prognostic biomarker for gastric cancer.
Nantong Cancer Hospital is a specialized cancer hospital whereas Yixing People's Hospital is a comprehensive one, therefore, patients in the former are often at more advanced stages of disease compared to the latter. However, the distributions of these variables of patients between the training cohort and testing cohort in Nantong district were mostly matched. (19) All the cases of the validation cohort in this retrospective study were collected during 1999-2006. The final decision regarding which chemotherapy regimen should be used mostly depended on the patients in many cases, such as regional and personal economic status or the rules of medical insurance in China. In our study, more patients received platinum-based first-line chemotherapy regimens, so we focused our attention on these patients. The database built upon this information is thus as complete as possible. Nevertheless, despite highly significant results in such a large patient group, these markers should be validated in different ethnic populations and prospective clinical studies are warranted.
In conclusion, we found that MDM2 was expressed at higher levels in gastric cancer tissues than in non-cancerous gastric mucosa, and MDM2 expression was associated with clinicopathologic features in patients treated only with surgery. Moreover, knockdown of MDM2 and overexpression of JWA has the synergistic effect on suppression of gastric cancer cell proliferation and migration. Expression of MDM2 combined with JWA could serve as a more effective candidate prognostic biomarker for gastric cancer. To our knowledge, this is the first report of MDM2 as a potential predictor for adjuvant chemotherapy with platinum-based regimen FLO in resectable gastric cancer patients.
Supporting Information
Additional Supporting Information may be found in the online version of this article:
Data S1. Details of: patients and specimens; tissue microarray construction and immunohistochemistry; cell culture; apoptosis assay; Western blot analysis; Transwell migration assay; scratch migration assay; and statistical analysis. Table S1 . Distributions of demographic and clinicopathologic characteristics of gastric cancer patients treated with or without chemotherapy. Table S2 . Univariate Cox regression analysis of MDM2 or MDM2 ⁄ JWA expression and clinicopathologic variables predicting survival in three cohorts of patients with gastric cancer treated with surgery alone. Table S3 . Multivariate Cox regression analysis assessing the predictive significance of MDM2 expression in radical gastrectomy patients treated with or without fluorouracil-leucovorin-oxaliplatin (FLO). Table S4 . Multivariate Cox regression analysis assessing the predictive significance of MDM2 expression in radical gastrectomy patients treated with or without fluorouracil-leucovorin-platinol (FLP).
